Background: The development of new antifungal agents has always been a hot research topic in pesticide development. In this study, a series of derivatives of natural compound β-pinene were prepared, and the antifungal activities of these derivatives were evaluated. The purpose of this work is to develop some novel molecules as promising new fungicides. Methods: Through a variety of chemical reactions, β-pinene was transformed into a series of β-pinene-based derivatives containing amide moieties and acylthiourea moieties. The antifungal activities of these derivatives against five plant pathogens including Colletotrichum gloeosporioides, Fusarium proliferatum, Alternaria kikuchiana, Phomopsis sp. and Phytophthora capsici were tested; preliminary structure-activity relationship was discussed. Results: Some derivatives exhibited moderate or significant antifungal activity due to the fusion of the amide moiety or the acylthiourea moiety with the pinane skeleton. The structure-activity relationship analysis showed that the fluorine atom and the strong electron withdrawing nitro group, or trifluoromethyl group on the benzene ring of the derivatives had a significant effect on the improvement of the antifungal activity against Colletotrichum gloeosporioides, Fusarium proliferatum, Alternaria kikuchiana and Phomopsis sp. Meanwhile, the introduction of an ethyl group at the meta-position on the benzene ring of the derivatives could improve the antifungal activity against Phytophthora capsici. Compounds 4e, 4h, 4q, 4r exhibited broad-spectrum antifungal activity against the tested strains. Compound 4o had significant antifungal activity against Phytophthora capsici (IC 50 = 0.18 µmol/L). These derivatives were expected to be used as precursor molecules for novel pesticide development in further research.
Introduction
During the growth of crops, various plant diseases occur; 70% to 80% of plant diseases are caused by phytopathogenic fungi infection [1, 2] . When infecting crops, plant pathogenic fungi can not only directly reduce the yield and quality of crops, but also secrete a variety of toxins and metabolites that are harmful to humans and animals, causing a huge threat to human health [3] . Therefore, effective and safe inhibition of growth of plant pathogenic fungi has become the key to control plant diseases.
Chemical antifungal agents can effectively kill or inhibit the growth of plant pathogenic fungi, and play a vital role in protecting human health, increasing crop yields, and food preservation [4, 5] .
Chemical antifungal agents can effectively kill or inhibit the growth of plant pathogenic fungi, and play a vital role in protecting human health, increasing crop yields, and food preservation [4, 5] . However, a long-term usage of the same antifungal agent often leads to an increase in the resistance of phytopathogenic fungi [6, 7] . Continuous development of new antifungal agents is still the active demand, and the development of new antifungal agents has also been a hot spot in pesticide research.
The compound β-pinene is a natural compound with antimicrobial activity [8] [9] [10] which can be used to participate in numerous chemical reactions. Masses of β-pinene derivatives can be synthesized by chemical modification, and some of these derivatives have been proved to have better antifungal activity [11] [12] [13] [14] [15] [16] [17] . For example, Li et al. [14] synthesized three series of β-pinene-based derivatives, and tested their fungicidal activity against three agricultural fungi. As a result, there two derivatives displayed potent fungicidal activity against Rhizoctonia solani, with IC50 values of 2.439 and 1.857 mg/mL. Thus, β-pinene was treated as a good precursor compound for the development of plant-derived pesticides. Based on previous results, in this study, β-pinene was used as a raw material to design and synthesize a series of derivatives through splicing of different bioactive substructures, aiming to obtain derivatives with stronger antifungal activity against plant pathogenic fungi. This study can provide a reference for the development of novel potent plant-derived antifungal agents.
Results

Chemisty
We carried out a series of modifications of β-pinene ( Figure 1 ). Firstly, β-pinene was converted to myrtanol by a hydroboration reaction, and the myrtanol was oxidized to myrtanyl acid by an oxidation reaction. Then, based on the substructure splicing principle, a series of amide derivatives and acylthiourea derivatives were synthesized by splicing an amide moiety or an acylthiourea moiety onto the pinane skeleton. The molecular structures of β-pinene-based derivatives were characterized by IR, NMR and MS. The results showed that the target derivatives 2, 3, 4a-4l and 4m-4u were successfully synthesized in this study.
Taking compound 4k as an example to analyze the characterization of β-pinene-based amide derivatives, the FT-IR spectrum of 4k showed an absorption band at 3432 cm −1 due to the new amide N-H group and the characteristic stretching frequency of C=O was observed at 1687 cm −1 and 1654 cm −1 . In the 1 H NHR spectrum of compound 4k, the proton signal of N-H was observed as a singlet at δ 11.91 ppm. Aliphatic protons were observed in the range of δ 0.85-3.24 ppm. Aromatic protons appeared in the range of δ 7.02-7.64 ppm. The signal of the thiazole proton appeared in δ 7.74 ppm. In the 13 C NMR spectrum of compound 4k, the characteristic amide C=O was observed at 173.66 ppm which confirmed the amide bond was formed between the pinane skeleton and phenylthiazole. The molecular structures of β-pinene-based derivatives were characterized by IR, NMR and MS. The results showed that the target derivatives 2, 3, 4a-4l and 4m-4u were successfully synthesized in this study.
Taking compound 4k as an example to analyze the characterization of β-pinene-based amide derivatives, the FT-IR spectrum of 4k showed an absorption band at 3432 cm −1 due to the new amide N-H group and the characteristic stretching frequency of C=O was observed at 1687 cm −1 and 1654 cm −1 . In the 1 H NHR spectrum of compound 4k, the proton signal of N-H was observed as a singlet at δ 11.91 ppm. Aliphatic protons were observed in the range of δ 0.85-3.24 ppm. Aromatic protons appeared in the range of δ 7.02-7.64 ppm. The signal of the thiazole proton appeared in δ 7.74 ppm. In the 13 C NMR spectrum of compound 4k, the characteristic amide C=O was observed at 173.66 ppm which confirmed the amide bond was formed between the pinane skeleton and phenylthiazole. The mass spectrum of 4k showed an expected molecular ion peak at m/z 345.1
In addition, taking compound 4m as an example to analyze the characterization of β-pinene-based acylthiourea derivatives, the FT-IR spectrum of 4m exhibited an absorption wavelength at 1686 cm −1 corresponding to a C=O group, and the absorption wavelengthsat 1143 cm −1 and 1102 cm −1 belonging to a C=S group. The acylthiourea N-H group was observed at 3635 cm −1 . The characteristic absorption band of the C-N group of acylthiourea appeared at 1327 cm −1 , 1310 cm −1 and 1296 cm −1 . In the 1 H NHR spectrum of compound 4m, the signal related to the proton of thiourea at δ 12.47 ppm appeared. All other aromatic and aliphatic region protons were observed at an acceptable range. In the 13 C NMR spectrum of compound 4m, the C=O and C=S groups of the acylthiourea were observed in δ 178.33 ppm and δ 176.81 ppm, respectively. The mass spectrum of 4m showed an expected molecular ion peak at m/z 325.1 [M + Na] + and 301.2 [M − H] − corresponding to the molecular formula.
The spectral data of these compounds can be found in the Supplementary Materials.
Biological Activity
The antifungal activities of the β-pinene-based derivatives against five plant pathogens are shown in Table 1 . The antifungal activity of the β-pinene-based derivatives against Colletotrichum gloeosporioides showed that there were five derivatives (4e, 4g, 4h, 4j and 4r) with IC 50 values less than 200 µmol/L. Among them, the acylthiourea derivative 4r had the highest antifungal activity, and its IC 50 value was 21.64 µmol/L. For the Fusarium proliferatum, it was shown that there were five compounds (4a, 4e, 4g, 4h and 4q) with IC 50 values below 200 µmol/L, and the amide derivatives 4e and 4h had better activities; their IC 50 values were 39.21 µmol/L and 41.98 µmol/L, respectively. For the Alternaria kikuchiana, the IC 50 values of five amide derivatives (4a, 4b, 4c, 4e and 4h) were less than 200 µmol/L, and compound 4e exerted the best antifungal activity (IC 50 = 38.8 µmol/L). The antifungal activity of the β-pinene-based derivatives against Phomopsis sp. showed that most of the derivatives had certain inhibitory effects on Phomopsis sp., and the IC 50 of 11 derivatives (4a, 4c, 4d, 4e, 4h, 4i, 4j, 4m, 4o, 4q and 4r) were less than 200 µmol/L. The amide derivative 4h had the best effect on the Phomopsis sp., and its IC 50 value was 20.43 µmol/L.
Compared with the intermediate compound myrtanyl acid, only compounds 4d, 4o, 4q and 4r exhibited better antifungal activity against Phytophthora capsici. Among them, compound 4o displayed potent antifungal activity against Phytophthora capsici, and its IC 50 value was 0.18 µmol/L, which was lower than that of the positive control carbendazim against Phytophthora capsici. 
Discussion
Both the amide structure and the acylthiourea structure are important antifungal active sub-structural units. Amide compounds have been used as fungicides for decades. Up to now, more than 30 varieties have been commercialized, such as ethaboxam, metalaxyl, thifluzamide, etc. (see Figure 2 ).
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Both the amide structure and the acylthiourea structure are important antifungal active sub-structural units. Amide compounds have been used as fungicides for decades. Up to now, more than 30 varieties have been commercialized, such as ethaboxam, metalaxyl, thifluzamide, etc. (see Figure 2 ). [14] . Gao et al. reported that a series of terpene-based acyl-thiourea derivatives showed moderate to excellent antifungal activities against several fungi [16, 17] .
Since the amide structure and the acylthiourea structure are the key structures for exerting antifungal activity, when designing the β-pinene-based derivatives, we blended the amide moiety or the acylthiourea moiety into the pinane skeleton, in order to obtain new hybrids with good antifungal activity.
The antifungal activity of the synthesized derivatives against five plant pathogens was tested in this work. These five plant pathogens were Colletotrichum gloeosporioides, Fusarium proliferatum, Alternaria kikuchiana, Phomopsis sp. and Phytophthora capsici. Colletotrichum gloeosporioides is one of the most serious pathogenic fungi of Camellia oleifera. If infected with this fungus, the yield of Camellia oleifera will be reduced significantly [20] . Fusarium proliferatum is a cause of many crop diseases, including rice spikelet rot disease [21] , stem rot of Hylocereus polyrhizus [22] , root rot in soybean [23] , etc. Alternaria kikuchiana is the pathogen of pear black spot disease. It infects the fruits, leaves and shoots of different varieties of pear trees, causing the leaves of pear trees to fall, early fruit drop, fruit decay and shedding, post-harvest decay, etc [24] . Phomopsis sp. may cause leaf spot, fruit rot and postharvest fruit rot of kiwifruit [25, 26] . Phytophthora capsici can infect various growth stages of pepper plants, causing seedling death, root rot, crown rot, stem blight, leaf spot and fruit rot [27, 28] . Hence, it is of great significance to develop new antifungal agents for controlling these fungi.
The results of antifungal activity test showed that compared with the raw material β-pinene and the intermediate compound myrtanyl acid, β-pinene-based derivatives that were synthesized by the blend of amide group and pinane skeleton or the blend of acylthiourea group and pinane skeleton exerted better antifungal activity against plant pathogens. Some derivatives exhibited moderate to significant antifungal activity. In general, the antifungal activity of amide derivatives against Colletotrichum gloeosporioides, Fusarium proliferatum and Alternaria kikuchiana was better than that of acylthiourea derivatives. However, the antifungal activity of acylthiourea derivatives against Phytophthora capsici was better than that of amide derivatives.
Although it is hard to give a comprehensive structure-activity relationship to these derivatives, we can find some interesting hints from Table 1 . For Colletotrichum gloeosporioides, the four most potent compounds were 4r < 4h < 4e < 4g. For Fusarium proliferatum, the three most potent compounds were 4e < 4h < 4g. For Alternaria kikuchiana, the three most potent compounds were 4e < 4h < 4c. For Phomopsis sp., the three most potent compounds were 4h < 4e < 4q. These results revealed that an introduced fluorine atom (4r and 4g), nitro group (4h) or trifluoromethyl group (4e) at the para-position on the benzene ring of the derivatives could significantly improve the antifungal activity. Besides, the introduction of a bromine atom (4c) or fluorine atom (4q) at the ortho-position on the benzene ring of the derivatives could also improve the antifungal activity against the above-mentioned fungi. For Phytophthora capsici, the four most potent compounds were 4o < 4d < 4q < 4r, which suggested that introduction of an ethyl group at the meta-position on the benzene ring of the derivatives could improve the antifungal activity against Phytophthora capsici. It was reported that the incorporation of fluorine into a biologically active compound might simultaneously influence the electronic, lipophilic and steric parameters and might therefore, in the ideal case, critically increase the intrinsic activity and the chemical and metabolic stability but also improved the pharmacokinetics [29] . In this study, it was believed that the capacity of fluorine was to enhance the metabolic stability of the antifungal derivatives in the fungi body, mainly by lowering the susceptibility of nearby moieties to cytochrome P450 enzymatic oxidation. Besides, fluorine atoms, nitro groups or trifluoromethyl groups were electron withdrawing groups. They could decrease the electron cloud density and influence the molecular surface charge distribution of antifungal derivatives through the inductive effect or conjugation. Furthermore, these group might offer more binding sites for receptor-ligand interactions, which may relatively enhance the antifungal activity [30] [31] [32] [33] [34] [35] [36] .
Materials and Methods
General
Melting points were determined in WRS-2 melting point apparatus (Shanghai Precision & Scientific Instrument Co., Ltd., Shanghai, China) and were uncorrected. IR spectra were recorded on a Nicolet IS10 FT-IR spectrometer (Nicolet, Madison, WI, USA). 1 H NMR and 13 C NMR spectra were recorded on a Bruker DKX500 NMR spectrometer (Bruker, Karlsruhe, Germany) using CDCl 3 as solvent, and TMS as internal standard. ESI-MS were recorded on a Waters Q-TOF MicroTM mass spectrometer. Purity of compounds was detected by Agilent 1260 high performance liquid chromatography (Agilent, Santa Clara, CA, USA) and Fuli GC-9750 gas chromatography (Zhejiang Fuli analysis instrument Co. Ltd., Wenling, China). All reactions were traced by the thin layer chromatography (TLC). The compound (-)-β-pinene was purchased from the spice company Jiangxi Jishui Hongda Natural Perfume Co., Limited, Ji'an, China, and other reagents were of reagent grade. Fungi were isolated by the plant pathology laboratory in the College of Agriculture, Jiangxi Agricultural University.
Synthesis of Derivatives
Following the procedures described in our previous reports [37, 38] , the β-pinene derivatives involved in this work was prepared as follows:
Synthesis of Myrtanol (Compound 2)
To a solution of (-)-β-pinene (0.4 mol) and sodium borohydride (0.15 mol) in dry tetrahydrofuran (200 mL), 47% boron trifluoride ether solution (0.2 mol) was added and the mixture was stirred at 0-5 • C. After 6 h, ethanol (30 mL) was added to quench the hydroboration reaction. Then, a 3 mol/L sodium hydroxide aqueous solution (68 mL) and the 30% hydrogen peroxide (60 mL) were added in succession. The mixture was stirred at 40-45 • C. After 3 h, saturated sodium thiosulfate solution (40 mL) was added to exhaust excessive amounts of hydrogen peroxide. The reaction mixture was evaporated under reduced pressure to remove the organic phase. The residues were extracted with ethyl acetate (3×, 100 mL). The resulting organic phase was washed by water (3×, 100 mL) and brine (100 mL), dried over sodium sulfate, filtered, and concentrated under vacuum to afford myrtanol (compound 2) as a colorless liquid. The characterization data of compound 2 were shown in Table 2 . Myrtanol (0.2 mol) was dissolved in glacial acetic acid (200 mL), and the solution was slowly added to a solution of chromic anhydride (0.6 mol) in glacial acetic acid (250 mL) and water (50 mL). The mixture was stirred at room temperature. After 10 h, the mixture was poured into water, and precipitate was collected through filtration. The obtained precipitate was dissolved in saturated sodium hydroxide aqueous solution, extracted with EtOAc (2×, 50 mL). The resulting aqueous phase was neutralized by 10% hydrochloric acid, extracted with EtOAc (3×, 50 mL). The resulting organic phase was washed by water (3×, 50 mL) and brine (50 mL), dried over sodium sulfate, filtered, and concentrated under vacuum to afford myrtanyl acid (compound 3) as a white solid. The characterization data of compound 3 were shown in Table 3 . 
Synthesis of Myrtanyl Acid Amide Derivatives (Compound 4a-4l)
A solution of myrtanyl acid (20 mmol) and oxalyl chloride (30 mmol) in dry dichloromethane (20 mL) was stirred at 50 • C for 4 h. Then, the reaction mixture was evaporated under reduced pressure to remove the organic phase and excessive amounts of oxalyl chloride. The resulting crude was redissolved in dry dichloromethane (10 mL), and then slowly added into a solution of arylamine (30 mmol) or 4-arylthiazol-2-amine (20 mmol) and triethylamine (20 mmol) in dry dichloromethane (20 mL). The mixture was stirred at room temperature. After 12 h, the mixture was washed by 10% hydrochloric acid (3×, 10 mL), water (3×, 10 mL), and brine (10 mL), dried over sodium sulfate, filtered, and concentrated under vacuum to afford crude products. The crude products were recrystallized from ethanol to afford compound 4a-4l. The characterization data of compound 4a-4l were shown in Table 4 . Table 4 . Characterization data of N-ary-myrtanyl acid amides and N-(4-phenyl-thiazolyl-2-yl)-myrtanyl acid amides. 22 (s, 1H) , 0.94 (s, 3H). 13 
Compound
Synthesis of Myrtanyl Acid Acylthiourea Derivative (Compounds 4m-4t)
A solution of myrtanyl acid (20 mmol) and oxalyl chloride (30 mmol) in dry dichloromethane (20 mL) was stirred at 50 • C for 4 h. Then, the reaction mixture was evaporated under reduced pressure to remove the organic phase and excessive amounts of oxalyl chloride. The resulting crude was redissolved in dry acetonitrile (10 mL), then slowly added into a solution of potassium thiocyanate (30 mmol) in dry acetonitrile (30 mL). The mixture then was stirred at room temperature. After 12 h, a solution of arylamine (30 mmol) or 4-arylthiazol-2-amine (20 mmol) in dry acetonitrile (30 mL) was added into the mixture. The mixture was stirred at 80 • C. After 8 h, the mixture was filtered, evaporated under reduced pressure to remove the organic phase and recrystallized from ethanol to afford compounds 4m-4t. The characterization data of compound 4m-4t were shown in Table 5 . Table 5 . Characterization data of N-aryl-N'-myrtanyl acylthiourea and N-(4-arylthiazol-2-yl)-N'-myrtanylacylthiourea.
Compound
Characterization Data
Biological Activity Evaluation
The mycelial growth rate method was used to determine the inhibitory effect of β-pinene-based derivatives at serial concentration gradient on the mycelial growth of Colletotrichum gloeosporioides, Fusarium proliferatum, Alternaria kikuchiana, Phomopsis sp. and Phytophthora capsici. A certain mass of the β-pinene-based derivatives was weighed, dissolved in a small amount of methanol, and made up into a mother liquor of 28,000 µmol/L with sterile water. Then, a certain amount of mother liquor was pipetted into the PDA medium, in order to formulate the PDA medium containing β-pinene-based derivatives at concentrations of 500 µmol/L, 250 µmol/L, 125 µmol/L, 62.5 µmol/L, 31.25 µmol/L. The PDA medium of methanol/sterile water solution was used as a negative control, and carbendazim was used as a positive control. All the tests were repeated three times. Finally, the PDA mediums were cultured in a 25 ± 2 • C light incubator. The growth inhibition effects were measured when the fungus cake of the negative control plate was grown to about two-thirds of the whole culture dish. Cross method was applied to measure the diameter of the fungus cake, and the growth inhibition ratio was calculated by Equations (1) and (2) . The IC 50 value was calculated by using the SPSS procedure PROBIT.
Corrected diameter (cm) = average diameter of colonies (cm) − diameter of fungus cake (0.5 cm)
Inhibition rate (%) = [control corrected diameter (cm) − treatment corrected diameter (cm)]/control corrected diameter (cm) × 100% (2)
Conclusions
In this study, a series of pinene-based amide derivatives and acylthiourea derivatives were synthesized by using molecular structure design and organic synthesis methods. The mycelial growth rate method was used to determine the inhibitory effect of β-pinene-based derivatives at serial concentration gradient on the mycelial growth of Colletotrichum gloeosporioides, Fusarium proliferatum, Alternaria kikuchiana, Phomopsis sp. and Phytophthora capsici. The results show that β-pinene-based derivatives that were synthesized by the blend of amide group and pinane skeleton or the blend of acylthiourea group and pinane skeleton exerted better antifungal activity against plant pathogens. Some derivatives exhibited moderate to significant antifungal activity. The structure-activity relationship analysis showed that fluorine atoms and strong electron withdrawing groups (nitro groups or trifluoromethyl groups) on the benzene ring of the derivatives have a significant influence on the improvement of the antifungal activity against Colletotrichum gloeosporioides, Fusarium proliferatum, Alternaria kikuchiana and Phomopsis sp. Meanwhile, the introduction of ethyl groups at the meta-position on the benzene ring of the derivatives could improve the antifungal activity against Phytophthora capsici. Among these derivatives, the compounds 4e, 4h, 4q and 4r exhibited good and broad-spectrum antifungal activity. Compound 4o exhibited potent antifungal activity against Phytophthora capsici. These derivatives can be used as precursor molecules for further pesticides development.
